Abstract-The Muon-to-Electron conversion experiment (Mu2e), under development at Fermilab, seeks to detect direct muon to electron conversion to provide evidence for a process violating muon and electron lepton number conservation that cannot be explained by the Standard Model of Particle Physics. The required magnetic field is produced by a series of superconducting solenoids. This paper describes the conceptual design of the 5-T, 4-m-long solenoid with 1.7 m bore with the emphasis on the electromagnetic and structural analyses.
I. INTRODUCTION
T HE Mu2e magnet system consists of three large superconducting solenoids [1] . The first in the chain of magnets is the Production Solenoid (PS), shown in Fig. 1 whose role is to collect and focus pions and muons generated in interactions of an 8-GeV proton beam with a tilted high-Z target, by supplying a peak axial field between 4.6 T and 5.0 T and an axial gradient of ∼1 T/m within a 1.5 m warm bore.
The PS is a challenging magnet because of the relatively high magnetic field and a harsh radiation environment that requires the state-of-the-art conductor both in terms of the current-carrying capacity and structural strength. The PS coil is protected by a massive Heat and Radiation Shield (HRS). An extensive simulation effort has been carried out to optimize the shield parameters and get the radiation load below the tolerable levels with a sufficient safety margin [2] .
The heat extraction scheme based on the heat conduction through a system of thermal bridges and plates connected to the thermal siphon tubes has been proposed and numerically evaluated [3] for the actual distribution of the heat depositions inside the cold mass. It was found that the required thermal margin is preserved at all conditions with an ample allowance for the heat deposition uncertainties.
The next design iteration is focused on accounting of the actual electromagnetic properties of the HRS material that has an impact on the forces acting on the cold mass during different operating scenarios, and the design of the cryostat suspension system.
The detailed description of the PS conceptual design is reported elsewhere [1] , [4] . This paper focuses on the selected parameters of the cable and insulation and recent updates to the electromagnetic, structural and cryostat support designs.
II. CABLE AND INSULATION

A. Cable
In order to reduce the dynamic heat load on the cryogenic system due to the radiation and increase the coil thermal margin, the conductor employs aluminum stabilizer that is placed around the NbTi Rutherford type cable by either conforming or hot extrusion. Such cable technology was used in nearly every large detector solenoid built in the past decades with the most recent examples being ATLAS Central Solenoid, ATLAS Toroids and CMS [5] - [7] .
The PS cable cross-section is shown in Fig. 2 and the cable parameters are summarized in Table I . A high-strength Al alloy with a sufficiently large RRR is necessary for the cable stabilizer. An extensive study of various precipitation hardening Al alloys was performed during the Atlas Central Solenoid R&D [8] , [9] . The material selected for the PS cable stabilizer is the 5N Al doped with 0.1 wt% Ni in combination with 10-15% cold-work area reduction after the co-extrusion.
The final cable has a small keystoning that compensates the trapezoidal deformation acquired during the coil winding.
B. Insulation
The PS employs a composite cable insulation made of polyamide and pre-impregnated glass tapes. This type of insulation, originally developed for the TOPAZ detector solenoid at KEK, was also used in the ATLAS Central Solenoid [10] . The cable is insulated with two layers of composite tape consisting of 25 μm of a semi-dry epoxy on one side of 25 μm Kapton tape and 75 μm of pre-impregnated E-glass on the other side as shown in Fig. 3 . All gaps between turns and layers are to be filled with epoxy resin during vacuum impregnation. Since the composite cable insulation is impermeable to epoxy, sheets of dry E-glass are introduced between the coil layers and between coil and support structure to form paths for epoxy penetration.
The ground insulation between the cables and the support structure with the total thickness of 2 mm consists of E-glass and 2 × 25 μm layers of Kapton. That extra thickness of E-glass between the coil and support structure allows for machining of the outer coil surface after the impregnation for precise fitting the surfaces of the support shells and the coils.
III. ELECTROMAGNETIC ANALYSIS
A. Magnetic Design
According to the requirements document [11] , the PS magnet should have field gradient along the axis with the peak axial field of 4.6 T and the field at the interface with the TS [12] of 2.5-2.7 T. In order to fulfill this requirement, the magnet consists of three sections with 3, 2 and 2 layers of the cable described in Fig. 2 and Table I , wound in the hard way around the aperture.
All coils are powered in series with 9.2 kA from the main power supply that corresponds to 4.6 T peak axial field. In addition to that, there is a trim power supply rated at ±1 kA connected across the 3-layer and the middle 2-layer coils.
It allows changing the peak axial field by ±0.5 T (and consequently the axial field gradient) with a minimal impact on the field at the TS interface that must remain the same irrespective of the peak PS field. Although not imposed by the physics requirements, this additional field correction would help to continue running the experiment in case of unexpected degradation of the magnet performance. Fig. 4 shows the FEM magnet model with the flux density diagram, and the flux density along the magnet axis. Note that the pictures also show the straight section of the TS, included in the model for the field-matching purposes, and the HRS [13] made from C63200 bronze with the nominal relative magnetic permeability of 1.04 and resistivity of 2.46 × 10 −7 Ω · m. That specific material has been selected after industry studies and a cost optimization as a compromise between large resistivity, low magnetic permeability and forge-ability in sufficiently large pieces [14] .
In order to guarantee meeting the peak field requirement of 4.6 T, the magnet is designed to operate with a maximum 5.0 T on the axis while meeting all other requirements specified in [11] .
B. Parameters
The magnet is designed to operate at 64% of the Short Sample Limit (SSL) with 5.0 T axial field and 4.6 K as shown in Table II . At higher temperatures, the SSL shifts closer to the operating point and passes it at 6.5 K-that is the currentsharing temperature at the operating current corresponding to 5.0 T axial field. In order to maintain the temperature margin requirement of 1.5 K at that field, the coil temperature shall not exceed 5.0 K. In such case, the magnet operates at 68.9% with respect to the SSL at that temperature. Reducing the axial field to the nominal value of 4.6 T, gains an additional 0.27 K margin. 
C. Forces
During the normal operation of the experiment, the axial force on the PS coil acts towards the TS. The axial and transverse force sensitivity due to possible coil misalignments was studied using the OPERA 3D model that also included the complete TS and DS coils. The forces summarized in Table III were calculated at the nominal coil position, as well as during the coil displacement in each of the three directions.
In case of the PS coil displacement in the transverse direction vs. the TS, the direction of the additional force is opposite to the direction of the displacement (i.e. the PS and TS coils tend to self-align). In case of the PS coil displacement in the axial direction vs. the TS, the extra force is in the same direction as the force at the nominal position.
The interaction of the magnetic field with the HRS magnetic permeability exerts an additional force on the coil during the normal operation. The direction of that force is opposite of the main force listed in Table III , at approximately 12% of the magnitude. However, during the commissioning of the magnet system without the HRS installed, the cold mass supports will see the full PS-TS force.
During the standalone PS operation with the HRS installed, necessary for the correct field mapping, the axial force on the PS coil will be away from the TS. If a fast magnet discharge is initiated (due to quench or power failure), the eddy currents generated in the HRS will interact with the decaying magnetic field and exert an additional force on the cold mass of the same direction as the static force due to the HRS permeability. The additional forces on the cold mass due to interaction with the HRS are summarized in Table IV at the nominal values of magnetic permeability and electrical resistivity. Since the C63200 bronze is not an electro-technical material, there is a relatively large variation of the chemical composition that may affect these quantities. A worst-case estimate of variation is included in Table IV as well.
IV. STRUCTURAL ANALYSIS
A. Cold Mass
The coils are supported against Lorentz forces by the external shells made of Al 5083-O. Each of the three coils with its support shell forms a separate module. The three modules are bolted together through the end flanges that constitute the cold mass assembly.
The structural analysis was performed using the average coil properties defined by the FEM cable stack models [4] . It was assumed that all gaps between the coils and the support shells are filled with epoxy. Consequently, the magnet model was created with zero interference between the coils and shells at the room temperature. The coil modules are to be assembled with layers of mica paper between the coils and the end flanges to allow sliding at these interfaces. The model included frictionless contact elements at these locations. Fig. 5 shows the cold mass deformations after cooling down and energizing with the maximum current and the equivalent stress distribution. The peak equivalent stresses are 21 MPa in the coil and 51 MPa in the support structure after the cooldown. Energizing the coil with the maximum operating current brings the stresses to 73 MPa and 96 MPa for the coil and the support structure, respectively, which are within the maximum allowable values for all materials [4] . 
B. Cold Mass Suspension System
The PS cold mass suspension consists of axial and radial support systems for both the coil and thermal shield assemblies. The maximum axial force on the cold mass is 1.4 MN (Table III) towards the TS that occurs when both magnets are on. The axial force reverses the direction when the magnet is energized in a stand-alone mode and has a maximum of −0.2 MN (Table IV) when a fast discharge is initiated. The total cold mass is estimated to be 10 980 kg (Table II) and the thermal shield mass is ∼1000 kg. The cold mass suspension system is shown in Fig. 6 .
In order to minimize the length of any penetration out the end of the vacuum vessel, the PS axial anchors made of Inconel 718 run the entire length of the cryostat.
Twelve axial rods, six running from each end of the vacuum vessel and attaching to the spacer ring between 2nd and 3rd coil modules constitute the axial anchor system. A series of Belleville springs at the vacuum vessel end of each rod accommodate approximately 3 mm of axial contraction of the rods themselves during the cool-down. Each set of six rods resists axial loads in one of the two directions. In both cases, the set that is not in use will slide, unloading the Belleville springs, rather than allowing the rods to go into compression.
Since the maximum load away from the TS is ∼14% of that towards the TS, the cross-section of the rod set at the TS end is proportionally smaller.
The radial supports resist the magnet weight and any transverse Lorentz forces. The assumed maximum gravity load is 2 g's. As with the axial support, Inconel 718 was chosen for a series of 16 tension rods arranged in pairs at each end of the cold mass. The coil end is attached by a spherical clevis and a spherical washer pair is used at the vacuum vessel end. Since both ends of each rod are fixed, the main load is thermally induced during the cool-down. The thermal shield is supported by a similar set of radial rods. Table V lists the sizes and loads of the suspension rods. 
V. CONCLUSION
The conceptual design of PS magnet has been reported. The coils are based on the precipitation and cold-work hardened aluminum-stabilized cable insulated with the composite insulation and impregnated after winding. The requirements on the electrical and thermal margins are satisfied by choosing the appropriate size, number and reference critical current density of the NbTi/Cu strands.
The coils are installed within the support shells made of the structural aluminum alloy that limit the coil stresses. The magnet cold mass consists of three coil modules, bolted together and installed within a common cryostat. The necessary field profile is achieved by using different numbers of layers in the coil modules and a trim power supply.
The electromagnetic analysis performed with the actual properties of the HRS shows that it has a non-negligible effect on the forces acting on the cold mass. Depending on the operating regime, the axial force changes the direction that is reflected in the design of the cold mass supports.
